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Electrochemical / photoelectrochemical water oxidation (i.e. oxygen evolution) reaction 
(OER) is one of the most important approaches to convert renewable energy like the solar 
energy to usable fuels. Generally, the oxygen evolution reaction is kinetically slow (i.e.it 
needs high overpotential) at commonly employed electrode in both electrochemical or 
phothoelectrochemical OER.  As a result, the modification of the electrode with a 
suitable catalyst is needed to reduce the required energy and increase the rate of reaction. 
Thus, catalyst plays an important role in this process, resulting in minimizing the process 
cost. Therefore, several studies have been conducted with the objective of catalyst 
preparation and characterization. Most researchers have used high cost materials as 
substrate electrodes such as gold and platinum. In this work, we used low cost substrate 
electrode, porous carbon electrode (PCE).  We prepared the FPCE by simply heating the 
normal filter papers in nitrogen atmosphere in tubular furnace. Then, the metal oxides 
nanoparticles are deposited on the prepared PCE. We deposited the pre-synthesized NiO 
and Co3O4 NPs using drop-drying method. Here, we optimized the deposition parameters 
such as the applied current and time in order to get the highest possible efficiency in 
OER. For the case of NiOx NPs, we developed a novel method to prepare NiOx NPs. 
Initially, we mixed carboxylic acid functionalized organic molecules and nickel precursor 
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in organic solvent, and then the solution was heated to remove the solvent. Finally, the 
raw catalyst was flame-treated in ambient atmosphere to obtain the monodisperse 
spherical NiOx NPs. Next, the NiOx NPs were drop-casted on the FPCE to check its 
efficiency in electrochemical water oxidation. Similarly, Co3O4 NPs were prepared from 
only cobalt precursor by thermal decomposition and deposited on FPCE by drop-casting 
method. The NiOx and Co3O4 NPs -modified electrode showed significantly high 
electrocatalytic properties in OER. The used NPs (both NiOx and Co3O4) and NPs-
modified PCE were characterized in detail by various modern techniques such as  
scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray 
photoelectron spectroscopy (XPS), X-ray diffraction (XRD), Fourier transform infrared 
spectroscopy (FT-IR) and thermogravimetric analysis (TGA).In conclusion, the prepared 
catalysts are cheap and have high efficiency ,which make them attractive for water 


















 محمد أمين أحمد قاسم :االسم الكامل
 
سيد المعادن ذات األحجام النانوية ومن ابإضافة أك ةمن الكربون معدل ةلكتروكيميائيإ ابقطأتحضير :عنوان الرسالة




 عشر وألفين  سبعةلعام  ديسمبرتاريخ الدرجة العلمية :
 
من هذه  اتجة)بروتونات واإللكترونات(الن المواد ستخدامأن تيمكن حيث  أكسدة الماء.من إحدى مصادر الطاقة المتجددة عملية 
: وهناك طرق عديدة ألكسدة المياه .ثاني أكسيد الكربون إلى حمض الفورميك الذي يمكن أن يستخدم كوقودتحويل العملية في 
وئي)باستخدام ضوء الشمس( وينتج عن ذلك كهربائي)باستتخدام كهرباء( أو ضهذه الطرق  تتم باستخدام قطب  واحدة من
و توليد اآلكسجين . ولكن من المعوقات التي أ.وهذا العملية تسمى تفاعل  نشوء (H+)وبروتونات (e-)لكتروناتإوأكسجين 
باإلضافة  إلى قلة نشاط  ويحتاج إلى جهد كهربائي عالي لتوليد األكسجين ،تواجه هذه الطريقة هي أن معدل التفاعل بطيئ 
؛ لمواجهة هذه التحديات وتقليلها .وفي  بطريقة معينة .لذلك نحن حضرنا حوافز مع ركائز  الحوافز مع الركائز اتجاه هذه العملية
هذه الرسالة  استخدمنا اإللكترود الكهربائي فقط  لذلك الغرض؛ لسهولة إعداده وتحضيره.وحيث أن الحوافز لها دور كبير في 
الجزء األكبر في هذه الرسالة هو تحضير حوافز نانوية من أكاسيد المعادن مع أقطاب من مادة الكربون تحفيز هذا اإللكترود فإن 
(( ذاتا األحجام النانوية على النحو اآلتي:بالنسبة  4O3Co( وأكسيد الكوبلت) NiO.وقد تم تحضير أكسيدين )أكسيد النيكل)
مع كمية معينة من  المحتوي على ثنائي ملح الصوديوم )PA)2Naألكسيد النيكل فلقد تم خلط كمية معينة من حمض البومك
( في محلول اإليثانول.ومن ثم خلط الناتج من ذلك خلطا جيد حتى O2·6.H2)3Ni(NOنيتريد النيكل المشبع بالماء)
مئوية  .وبعد  درجة 65يصيرالمحلول بما فيه متجانسا بشكل جيدا.ومن ثم يتم تبخير اإليثانول برفع درجة الحرارة إلى حوالي 
ومن ثم يوضع المنتج الصلب ، درجة مئوية  40ذلك يأخذ المركب الناتج من ذلك لتجفيفه بالفرن  طيلة الليل عند درجة حرارة 
اج الموجود في داخل الفرن ؛ للحصول على مادة في قارب صغير مصنوع من االلومنيوم الذي بدورة يوضع في  أنبوب زج
 إلى الخمسمائة كل دقيقة عشرة درجات حراربة  مئوية حتى تصل )الفرن(جة الحرارة ترتفع  فيهعلما بأن درذات حجم نانوي،
.ومن ثم  يتم خفض  وعشرين .وبعد ذلك  تستمر درجة الحرارة ثابتة لمدة ثالث ساعات عند الخمسمائةدرجة مئوية وعشرين
)أكسيد النيكل( ذات األحجام  النانو مترية  )عشر أس درجة الحرارة  خمس درجات كل دقيقة . ومن ثم يتم أخذ المادة الناتجة
  850( ووضعها على الداعم )القطب( الذي يتم صنعه من مادة أوراق الترشيح تحت درجة حرارة تصل إلى متر سالب تسعة
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نونية بالقطب .بعد ذلك يتم دمج تلك المواد الناالغشاء النافذدرجة مئوية لمدة خمس ساعات  بحيث يتم استخالص الكربون ذات 
محلول أكسيد  )قطرة بقطرة(بتقطير ( الكربون ذات الغشاء النافذترسيب أكسيد النيكل على الكترود)قطببالكربوني المستخلص 
النيكل)مللي جرام من المادة مع ملليمتر من الماء( ذات األحجام النانونية على قطب الكربون الذي بدورة يعمل كركيزة أو داعم 
لى مدى ليلة كاملة .وبعد ذلك يتم استخدام قطب الكربون المعدل بذرات ع)أكسيد النيكل ( .ومن ثم يتم تجفيف ذلك للمادة الحافزة
(.بالنسبة (CHI (760Eأكسيد النيكل  في عملية التحليل الكهربائي في  محلول هيدروكسيد الصوديوم باستخدام اآلالة )
طريقة بنفس  تية التحليل الكهربائي  تمقطب الكربون واستخدامه في عمل لتحضير أكسيد الكوبلت ذات األحجام النانوية على
(فقط O2·6H2)3Co(NOنتريد الكوبلت المشبع بالماء )  أو حرق  ن أكسيد الكوبلت تم إعداده بتسخينأأكسيد النيكل ماعدا 
ج من العملية باستخدام قطب الكربون المعدل . لقد كانت النتيجة  كاآلتي :أن التيار النات بدون إضافة أي مادة أو محلول  في الفرن
مع أكسيد المعدن أعلى بكثير من استخدام قطب الكربون بدون أي إضافة .باإلضافة  إلى أن  أكسدة الماء حدثت عند جهد 
فة.أما كهربائي اقل  بالنسبة لألقطاب المعدلة بذرات أكسيدا المعدنين)النيكل والكوبلت(  مقارنة باقطاب الكربون بدون إضا
فإن نشاطه على قطب الكربون اتجاه  أكسدة الماء)تفاعل نشوء أو توليد األكسجين (  كيأكسيد النيكل مع حمض بومبالنسبة لحافز
أن كثافة التيار الناتج من التحليل الكهربائي مع قطب الكربون  باإلضافة إلىأكبر من نشاطه بدون الحمض المذكور سابقا .
 المذكور سابقا لمعد مع حمض البومك أكبر من ذلك القطب المعد بدون الحمض.وهذا يؤكد أهمية الحمضالمعدل بأكسيد النيكل ا
دراسة تأثير اختالف درجة الحرارة على أكسيد الكوبلت في تحضير ذرات أكسيد النيكل .باإلضافة إلى ما سبق فقد تم 
(Co3O4)  باإلضافة إلى تعيين خصائص كل من  و الكوبلت النيكل يتعيين خصائص القطبين المعدلين بأكسيد.وكذلك تم,
 XRD) X-Ray)باستخدم عدة أجهزة : جهاز األشعة لتعيين المركبات الكيميائية الكوبلت النانونيةل والنيك يأكسيد
Diffraction)(وجهاز التحليل الحراري ،) (Thermogravimetric Analysis    (TGA)، ) وأجهزة تعيين
 (Scanning Electron Microscopy (SEM (ة المتكونة وشكل السطح الخارجيالشكل الخارجي للبلور
( وجهاز تعيين الروابط الكيميائية بين المجموعات الوظيفية وبين Transition Electron(TEM) Microscopyو
العناصر نشاط وجهاز تعيين  ((Fourier Transform Infrared Spectroscopy(FT-IRالعناصر والذرات)





1 CHAPTER 1 
INTRODUCTION 
Nowadays, the progress towards a comprehensive and sustainable development needs a 
huge amount of fossil fuels such as natural gas, oil and coal. However, these resources 
are not renewable since they need millions of years to be naturally generated. Such reality 
has forced many companies and countries to search for alternative renewable energy 
sources to meet their energy consumption[1]. 
One of these alternative sources for renewable energy is water oxidation, the so-called 
oxygen evolution reaction which is part of water splitting process[2]. This process 
oxidizes water to molecular oxygen, four electrons in addition to four protons as shown 
in the following equation: 
2H2O → 4H
+ + 4e− + O2                                           (1.1) 
 This means that the electrons, protons and molecular oxygen are the products. Thus, the 
two products including the electrons and protons are the two alternative sources for 
renewable energy. However, to successfully achieve water oxidation or convert water to 
desirable products (current and protons), energy will be needed for initiating the 
reaction[2]. Additionally, to reduce the activation energy and speed up the reaction, high-
performing catalysts should be utilized[2]. 
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 Thus, appropriate selection of catalyst is a key factor in the process of water oxidation 
since catalyst can significantly enhance the products formation and thus considerably 
reduce the cost.There are three common classes of catalysts used in water oxidation 
process. Their classifications depend on how they are synthesized and used. The three 
types are electro catalysts [3-15], photo catalysts[16-18] and other chemical catalysts. 
Therefore, many researchers [19-23] have tried to synthesis very efficient and cheap 
catalysts and many of them have claimed that they have fabricated catalysts with very 
high activity[24-27] 
In details, the electro catalysts are the catalysts which help a reaction in taking place 
between the reactants and electrodes and /or assist an overall half-reaction (assisting the 
chemical transformation of an intermediate) to occur. Therefore, electrons are transferred 
between the reactants and electrodes leading to increasing the rate of the reaction without 
consuming the electro catalysts. These catalysts are deposited on the surfaces of 
electrodes (Note: some electrodes have electro-chemically active surfaces).  
Unlike electro-electro-catalysts, photocatalysts accelerate chemical reaction rate, energy 
in the form of electromagnetic waves must be used to activate them and/or substrates 
instead of continuous current used for activating electrocatalysis [3, 28, 29]. The third 
type is chemical catalysts which are only different in how they are prepared and used 
compared to the previous ones. However, herein we are interested in only electrocatalysts 
for water oxidation since they can be synthesized and prepared in similar ways compared 
to photocatalysis and chemical catalysts.  
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Although the electro catalysts technique was discovered in the beginning of the last 
century, it was gained momentum only after 1960, which is evident from the number of 
publications. Despite the significant number of publications ,water oxidation is still not 
feasible for energy production [2] since most of the developed electro catalysts are 
expensive [30],have low catalytic activity [31],require high over-potential [2],have low 
current efficiency ,have low stability[31] or not easily prepared [5, 6].  
In this work, we will use cheap materials to prepare nanoparticles -modified electrodes as 
electro-catalysts. Then, we will use the prepared electro-catalyst for oxygen evolution 
reaction process. Two NPs, NiO and Co3O4 will be prepared and used for OER. 
1.1 Nickel Oxide Nanoparticles (NiO NPs) 
We developed a thermal decomposition method for preparing NiO nanoparticles (NiO 
NPs) using disodium salt of pamoic acid (Na2PA) as a complexing agent and Ni 
(NO3)2·6.H2O as a nickel precursor.  Prior to thermal decomposition, a nickel precursor, 
Ni (NO3)2·6.H2O, was mixed with Na2PA in ethanol, and the ethanol was evaporated to 
obtain the dried reaction mass. The dried reaction mass was characterized using Fourier 
transform infrared spectroscopy, X-ray photoelectron spectroscopy, and thermal 
gravimetric analysis. Thermal decomposition was then performed in air to obtain the 
NiONPs. The role of Na2PA in the synthesis of NiONPs was evaluated by preparing the 
NiONPs according to the protocol described above without the addition of Na2PA. The 
X-ray diffraction data indicated that crystalline NiO (bunsenite, cubic crystal system) 
formed with or without Na2PA; however, field emission scanning electron microscopy 
images showed that smaller monodisperse NiONPs formed only with the addition of 
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Na2PA. Without Na2PA, the obtained NPs were quite large and polydispersed. The sizes 
of the NiONPs prepared in the presence of Na2PA were determined using TEM imaging 
to be 19.1 ± 3.2 nm. The crystallinity of the NiONPs prepared with Na2PA was further 
confirmed using high-resolution transmission electron microscopy and the corresponding 
selected area diffraction patterns.  The electrocatalytic activity of the NiONPs toward 
water oxidation under alkaline conditions was evaluated by immobilizing the NPs onto an 
in-house prepared filter paper derived carbon electrode, and compared with NPs prepared 
without Na2PA. 
1.2 Tricobalt Tetraoxide Nanoparticles (Co3O4 NPs) 
 
Co3O4 NPs were prepared using a simple, straightforward method that involved thermal 
decomposition of Co(NO3)2·6H2O without any pretreatment with an organic or inorganic 
component. The prepared Co3O4 NPs were characterized using X-ray diffraction, field 
emission scanning electron microscopy, and transmission electron microscopy. These 
analyses confirmed the formation of short nanorods of single Co3O4 phase. The 
electrocatalytic properties of the Co3O4 NPs were evaluated after immobilizing them on a 
carbon electrode derived from normal filter paper. The modified electrode showed good 








(1) Develop carbon electrode (PCE) as novel substrate material 
(2) Prepare metal oxide (MOx NPs) 
(3) Incorporate metal oxide MOx NPs into PCE using a proper method 
(4) Characterize the MOx NPs-modified -PCE in order to get insight into their 
crystallinity and morphology  




To prepare the porous carbon electrodes, filter papers (FP) will be modified as follows: 
firstly, filter papers will be cut to approximately 2 cm2 in area. Secondly, they will be 
burned on oven with under nitrogen gas for around nine hours at 850℃. Finally, the 
cupper tape, scissor, paper puncher and strong adhesive tape will be used to make only 
0.2 cm2 of porous carbon subjected to the reaction with nanoparticles (NPs) catalysts. 
After preparing FPCE, NiOx NPs will be fabricated as follows: a certain amount of 
mixture of an organic solvent and a nickel precursor will be sonicated for 10 minutes. 
Then, a small amount of carboxylic acid will be added, and the mixture will be sonicated 
for 30 minutes. Next, the solution will be stirred at certain rpm and temperature until the 
ethanol evaporates. After that, the product will be dried overnight in the oven at 40℃. 
Then, the produced catalyst will be crushed, and the obtained powder will be calcinated 
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in a tubular furnace for few hours at constant temperature. Then, the powder will be 
cooled at room temperature. This treatment will lead to the formation of the prepared 
NiOx NPS, which will be deposited on FPCE and left overnight. Afterwards, NiOx NPs 
modified- porous carbon electrode will be ready for electrochemical measurement for 
water oxidation using CHE instrument model 760e. On the other hand, the pre-
synthesized Co3O4 NPs will be deposited on FPCE by method of galvanic static 
deposition manipulating the current and time for optimizing and getting efficient 
monodispersed NPs catalysts. Thus, Co3O4 NPs modified-FPCE will be electrochemically 
measured using CHE instrument model 760e. Transmission electron microscopy (TEM), 
scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), X-ray 
diffraction (XRD), Brunauer–Emmett–Teller (BET), thermogravimetric analysis (TGA) 
and Fourier transform infrared spectroscopy (FTIR) will be used to characterize the 
FPCE, relevant metal precursors, Co3O4 NPs and NiO NPs and (Co3O4 and NiO) NPs 






2 CHAPTER 2 
LITERATURE REVIEW 
The advantages of technology in the renewable energy field attracts the research and 
industrial community to devote a tremendous effort to make a breakthrough in this area. 
Currently, most available energy sources are not sustainable, and they are considered as a 
source of pollution. As a result, development a new generation of energy sources that are 
environmentally friendly, clean and sustainable are urgent. As an example of a cheap 
renewable energy sources is water oxidation (oxygen evolution reaction (OER)).  
For achieving a high-water oxidation (WO) activity, active catalysts should be utilized. 
Different catalysts (chemical ,electrochemical [3-15] and  phot-electrochemical [16-18] ) 
have been synthesized by several researchers and used for OER. However, in this study 
we will focus on the electrochemical catalysts owing to simpler preparation compared to 
other catalysts. 
Class of these catalysts is transitional metals oxide where many of them, such as IRO2, 
Rh2O3, CoO4, Mn2O3and RuO2 [19-23], could be used in many application like water 
oxidation[16-18]. However, most of the previous catalysts are rarely available, so they 
are expensive and some of them have low activity. Furthermore, their preparations are a 
little bit complex. In addition, expensive substrate electrodes like ITO[5, 6] have been 
used in these catalysts (transitional metal oxides). Therefore, an alternative inexpensive 
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metal oxide with simple preparation, cheap substrate electrode and high catalytic activity 
is needed.  
Therefore, extensive effort has been devoted to obtain electro catalysts with these 
following features: well efficient, lower cost, higher stability[2].Most of these properties 
can be achieved by using some of transitional metals including (Co, Ni and son on ) 
[2].However, only the nickel and cobalt based compounds like Nickel and cobalt oxides, 
CoxO and NiOx ,will be particularly investigated here in this work because of their 
positives ,which will be mentioned below.  
 
Regarding to Nickel oxide nanoparticles (NiOx NPs), they have been suggested as a 
suggestion for this purpose (making NPs- modified electrode and using them in OER) 
because they have the good features mentioned above. Moreover, NiOx NPs could be 
synthesized and used in many industrial applications such as supercapacitors[32] 
catalysts[33, 34] , electrochemical films[35, 36], gases sensors [37],batteries[38-40], 
magnetic substances[41, 42] and dye photocathodes[43]. In addition, the nickel oxide 
catalyst has been considerably studied for oxygen evolution reaction since this catalyst 
has high activity and low cost [44-48] . 
Another suggestion, one of these compounds used for water oxidation(WO) is cobalt -
based spinel oxide, which has been extensively studied ,where it has considered in 
alkaline solution as a higher efficient and stable catalyst[24-27].Therefore, high effort has 
been devoted to fabricate nanomaterial of spinel oxides like cobalt based spinel oxides 
with smaller sizes and bigger surface area for enhancing electro catalytic features of these 
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oxides[25, 49-54].Specificaly,Co3O4, is one of spinel oxides, which has been 
significantly and recently investigated because of many reasons: its own unique physical 
and chemical proprieties ,applications in interconversion between chemical and electrical 
energies as well as storage[55-58].In regarding to its applications, it can be used in many 
applications such as  supercapacitors, water splitting and batteries of lithium-ion [55-58]. 
 
However, drawbacks could be appeared such as non-homogenous, non-spherical and big 
particles because of different methods used for preparation of NiOx and CoxOy NPs. 
Thus, the activity of the catalyst will be considerably decreased. Therefore, the method of 
preparations of NPs significantly effects on the catalyst activity and consequently its 
application. However most of these ways, such as self-assembly[59], Ni-based molecular 
complexes(electrodeposition)[47], and solvothermal[48]  are not simple.  
As it is known, the fabricated conditions for preparation of NPs plays a significant role in 
determining the basic characteristics of synthesized nanoparticle including shape, size, 
size of distribution, crystals and mutual alignment. Thus, using various conditions in 
fabrication of nanoparticles results in different findings. Therefore, the preparation 
method of NPs will be considered. 
In this work, we will prepare nickel and cobalt oxide nanoparticles via a novel method. 
With respect to nickel oxide NPs, thermal treatment method with very important change 
(using carboxylic acid), will be investigated where nickel nitrates(Ni(NO3)2.6H2O) 
precursor with carboxylic acid(PA-Na2) will be used for preparation of NiOx NPs and 
applied for oxygen evolution reaction. On the other hand ,the same method without any 
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changes  will be investigated with preparation of cobalt oxide NPs, too .Also, porous 
carbon electrodes will be used as substrates to electrochemically enhance the catalytic 
activity instead of carbon nanotubes and graphene, which have been investigated 
recently[59-63].  
Our expectation was that the carboxylic acid will control most of key features, mentioned 
above, of NiOx NPs and increase the activity of oxygen evolution reaction. In regarding 
to CoxOy, we expected that Co3O4 NPs formed will have small sizes and will be 
monodispersed. For knowing that, many techniques were used in characterization of the 
both NPs ,NiOx and Co3O4, such as scanning electron microscopy (SEM), transmission 
electron microscopy (TEM),X-ray photoelectron spectroscopy (XPS), X-ray diffraction 
(XRD), Fourier transform infrared spectroscopy (FTIR) and thermogravimetric 
analysis (TGA). 
For understanding more about NPs (NiOx and Co3O4 ) , planning to make very good NPs 
(NiOx and Co3O4 ) and enhancing NPs properties, we will report the literatures about 
nanoparticles of NiO and Co3O4 and organic moiety (Na2PA) as the following: 
2.1 NiO Nanoparticle 
 
Over the past two decades, bulk and nanoscale nickel oxide (NiO) have attracted 
attention for their high stability [64-71], low toxicity [67, 69] , and anomalous 
chemical[71-74] , electrochemical [54, 67-70, 75-81] , electronic [65, 80, 82, 83], 
magnetic[64, 71, 84] , catalytic[64, 85, 86] and optical [72, 75, 83, 86] properties. NiO 
nanoparticles (NiONPs), in particular, are used in a variety of fields as optochemical 
sensors [72] , electrochemical sensors [77] , biosensors [68, 69, 78, 79] , electrochromic 
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windows [75] , gas sensors [73, 74] , batteries [67] , fuel cells [70, 78] , photovoltaic cell 
[80] , electrochemical water splitting[54, 81] , catalysis [64, 66, 71] , and photocatalysis 
[86]. The broad applicability of nanoscale NiO relies on the material’s high surface area 
and interesting properties, including chemical, electrochemical, and catalytic properties, 
which are not present in the bulk material. To meet the high demand for this nanoscale 
material, several synthetic methods have been developed based on hydrothermal [68, 71, 
73, 76-78, 87, 88] , sol-gel [66, 82, 84], hot-injection [75] , co-precipitation [69] , 
microwave [64, 67] , electrochemical [74] , pulsed laser ablation  [89] and thermal 
decomposition techniques [72, 86, 90] , as well as techniques based on complex 
formation with an organic moieties and successively their thermal decomposition[85, 91-
96]. Nanoscale NiO particles have been prepared to have a variety of sizes and shapes, 
including nanospheres[64, 66, 71, 75, 82, 84, 86, 91, 92, 94, 96] , nanoplates [76, 87] , 
nanosheets [86, 93] , nanoplatelets [90] , flaked like architectures [68, 93] , nanorings 
[88], nanoflowers[71, 74] , hollow nanostructures [97] , nanorods[78, 96] , and 
nanocubes [94, 96]. Numerous studies have examined the preparation of nanoscale NiO, 
and the development of novel synthetic methods that are simpler and provide smaller or 
more monodisperse product profiles remains a topic of interest. Small sizes monodisperse 
nanoparticles (NPs) are valuable because they provide a high surface area and 




Figure 1: Structure-1 shows pamoic acid (Na2PA) 
Organic moieties that act as a surfactant, stabilizer, reductant, or ligand play an important 
role in determining the sizes and shapes of NPs. Recently, monodisperse 10.8 nm 
florescent gold NPs have been prepared using pamoic acid (PA) (structure 1 Fig. 1) as a 
reductant and stabilizer [98, 99]. Disodium salt pamoic acid (Na2PA) provided 
monodisperse tin-doped indium oxide (ITO) NPs by acting as an organic additive and 
dehydrating agent [100]. The chemical structure of PA may facilitate the preparation of 
monodisperse NPs. PA includes two 3-hydroxy-2-naphthoic acid units bridged at the 1-
position by a methylene (-CH2-) group, as shown in structure 1(Fig 1). PA has been used 
for salt formation in pharmaceutical formulations [101], and PA and its monomer, 3-
hydroxy-2-naphthoic acid, act as ligands in transition metal complexes[102-108] ; 
however, no studies have described the use of PA or its disodium salt as a complexing 
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agent for the thermal preparation of monodisperse NiONPs. We attempted to use Na2PA 
in a simple thermal preparation of NiONPs for use as electrocatalysts in water oxidation. 
It should be noted that electrochemical water oxidation is important in renewable energy 
applications that convert solar energy into a usable fuel. 
An electrocatalyst’s cost, quality, and performance during water electrooxidation depend 
significantly on the substrate electrode. Glassy carbon electrodes (GCEs) are widely used 
to test electrocatalysts in a variety of electrochemical applications; however, they have a 
low surface area compared to porous electrodes, which limits the extent to which their 
surface modification can produce an efficient nanoelectrocatalyst. Moreover, the high 
cost of GCEs limits their applicability to the energy sector. Use of interconnected micro-
nanostructured carbon is advantageous in that electrocatalysts are readily captured by the 
micro-nanostructured pores or adsorbed onto the side walls of the pores.  Recently, 
scientist have pyrolyzed normal filter paper, a cheap source of carbon, to obtain highly 
conductive, low-cost, interconnected, micro-nanostructured carbon electrodes for a 
variety of electrochemical applications [109, 110]. The use of a filter paper derived 
carbon electrode (FPCE) as a base electrode is, therefore, quite reasonable. 
Here, we report a simple preparation of relatively small monodisperse NiONPs via 
thermal decomposition of a Ni complex obtained by reacting Ni(NO3)2·6H2O and Na2PA 
in ethanol. The influence of Na2PA was verified by preparing the NiO via the same 
protocol without adding Na2PA. Field emission scanning electron microscopy (FESEM) 
images revealed that the NiONPs prepared in the presence of Na2PA were smaller and 
monodisperse compared to those prepared without Na2PA. The prepared NPs were 
characterized using X-ray diffraction (XRD) spectroscopy, X-ray photoelectron 
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spectroscopy (XPS), and transmission electron microscopy (TEM).  The electrocatalytic 
properties of the NPs toward water electrooxidation in an alkaline medium were 
evaluated upon immobilization on the FPCE                                                           
 2.2 Nano-Co3O4 
 
Nano-Co3O4 has been recently attracting the attention of scientists due to its high 
stability, its anomalous chemical, electrochemical, electronic, magnetic and catalytic 
properties, and the relatively high abundance of cobalt in the earth. [111-125]  Nano-
Co3O4 have been used in various technological areas and applications such as 
electrochemical sensors, [118-120] electrochromic windows,[121] gas sensors,[122] 
batteries,[123] capacitors,[111, 113]  solar cells,[124, 125]  fuel cells,[126] 
electrochemical water splitting [117] and catalysis [112, 114, 124] . Due to its widespread 
application, several methods have been developed to prepare various types, including 
various sizes and shapes, of nano-Co3O4[111-113],[116-121],[123-146] Even though 
many efforts have been expended to prepare nano-Co3O4, the development of novel 
methods to prepare Co3O4 using simple processes and at low cost remain a topic of 
interest. Of the above-mentioned preparation methods, thermal decomposition is 
particularly advantageous in yielding phase-pure nano-Co3O4 and for its easy scale-up.  
Generally, the thermal decomposition method, when used for producing nano-Co3O4, 
requires a suitable cobalt precursor such as cobalt oxalate, [129] cobalt(II)-tartrate 
complex, [130] cobalt citrate, [131] cobalt ethylene glycol carboxylates, [132]  N-N-
bis(salicylaldehyde)-1,2-phenylenediimino cobalt(II), [133] 
[bis(salicylaldehydeato)cobalt(II)] ,[134] [bis(salicylaldehyde)ethylenediiminecobalt(II)], 
15 
 
[135] cobalt in complex with plant extract, [136]  cobalt hydroxyl carbonates,[137] 
pentamminecobalt(III) complex,[138] hexamminecobalt(III) nitrate complex,[139] cobalt 
bis (4-pyridine carboxylate) tetrahydrate,[141] Co(cinnamate)2(N2H4)2,[142] 
Co3[Co(CN)6]2,[143] cobalt hydroxide,[144]  or a Co-based metal organic 
framework.[145] But these precursors themselves need to be prepared with tedious 
reactions between common simple inorganic salts like CoCl2·6H2O or Co(NO3)2·6H2O 
and organic or inorganic molecules in solvents, and carrying out these reactions is time 
consuming and increases the overall cost of the final nano-Co3O4 products. Also note 
that, solvothermally prepared amorphous CoOx from Co(NO3)2·6H2O can be converted to 
Co3O4 upon thermal decomposition at various temperatures.[146]
 In addition, Yan et al. 
reported the preparation of nano-Co3O4 by a thermal decomposition of Co(NO3)2·6H2O-
loaded g-C3N4, which was prepared by the mixing of Co(NO3)2·6H2O and g-C3N4 in 
ethanol under stirring followed by the evaporation of the ethanol.[107]  Clearly, it would 
be advantageous in terms simplicity, rapidity, and expense to be able to prepare pure 
nano-Co3O4 by a direct thermal decomposition of an inexpensive, simple and widely 
available cobalt inorganic precursor such as Co(NO3)2·6H2O  or CoCl2·6H2O without any 
type of pre-reaction or processing. Though it has been reported that Co(NO3)2·6H2O can 
be decomposed to cobalt oxide,[147] there has been no report of the preparation of pure 
nano-Co3O4  by a direct thermal decomposition of Co(NO3)2·6H2O without any 
preprocessing or pre-reaction. 
In this communication, we report a very simply preparation of nano-Co3O4 involving the 
direct thermal decomposition of Co(NO3)2·6H2O at 520 °C in a normal aerial 
atmosphere. The prepared nanostructured materials were characterized by acquiring from 
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them field emission scanning electron microscopy (FESEM) and transmission electron 
microscopy (TEM) images and X-ray diffraction (XRD) data.  The electrocatalytic 
properties of the prepared nano-Co3O4 toward water electrooxidation in alkaline medium 
were also evaluated, and done so by immobilizing them on a filter-paper-derived carbon 





3 CHAPTER 3 
 INFLUENCE OF PAMOIC ACID AS A COMPLEXING 
AGENT IN THE THERMAL PREPARATION OF NIO 
NANOPARTICLES: APPLICATION TO 
ELECTROCHEMICAL WATER OXIDATION 
We developed a thermal decomposition method for preparing NiO nanoparticles 
(NiONPs) using disodium salt of pamoic acid (Na2PA) as a complexing agent and 
Ni(NO3)2·6.H2O as a nickel precursor.  Prior to thermal decomposition, a nickel 
precursor, Ni(NO3)2·6.H2O, was mixed with Na2PA in ethanol, and the ethanol was 
evaporated to obtain the dried reaction mass. The dried reaction mass was characterized 
using Fourier transform infrared spectroscopy, X-ray photoelectron spectroscopy, and 
thermal gravimetric analysis. Thermal decomposition was then performed in air to obtain 
the NiONPs. The role of Na2PA in the synthesis of NiONP was evaluated by preparing 
the NiONPs according to the protocol described above without the addition of Na2PA. 
The X-ray diffraction data indicated that crystalline NiO (bunsenite, cubic crystal system) 
formed with or without Na2PA; however, field emission scanning electron microscopy 
images showed that smaller monodisperse NiONPs formed only with the addition of 
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Na2PA. Without Na2PA, the obtained NPs were quite large and polydisperse. The sizes of 
the NiONPs prepared in the presence of Na2PA were determined using transmission 
electron microscopy imaging to be 19.1 ± 3.2 nm. The crystallinity of the NiONPs 
prepared with Na2PA was further confirmed using high-resolution transmission electron 
microscopy and the corresponding selected area diffraction patterns.  The electrocatalytic 
activity of the NiONPs toward water oxidation under alkaline conditions was evaluated 
by immobilizing the NPs onto an in-house prepared filter paper derived carbon electrode, 
and compared.  
3.1 Introduction  
 
Over the past two decades, bulk and nanoscale nickel oxide (NiO) have attracted 
attention for their high stability [64-71], nontoxicity [67, 69] , and anomalous 
chemical[71-74] , electrochemical [54, 67-70, 75-81] , electronic [65, 80, 82, 83], 
magnetic[64, 71, 84] , catalytic[64, 85, 86] and optical [72, 75, 83, 86] properties. NiO 
nanoparticles (NiONPs), in particular, are used in a variety of fields as optochemical 
sensors [72] , electrochemical sensors [77] , biosensors [68, 69, 78, 79] , electrochromic 
windows [75] , gas sensors [73, 74] , batteries [67] , fuel cells [70, 78] , photovoltaic cell 
[80] , electrochemical water splitting[54, 81] , catalysis [64, 66, 71] , and photocatalysis 
[86]. The broad applicability of nanoscale NiO relies on the material’s high surface area 
and interesting properties, including chemical, electrochemical, and catalytic properties, 
which are not present in the bulk material. To meet the high demand for this nanoscale 
material, several synthetic methods have been developed based on hydrothermal [68, 71, 
73, 76-78, 87, 88] , sol-gel [66, 82, 84], hot-injection [75] , co-precipitation [69] , 
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microwave [64, 67] , electrochemical [74] , pulsed laser ablation  [89] and thermal 
decomposition techniques [72, 86, 90] , as well as techniques based on complex 
formation with an organic moieties and successively their thermal decomposition[85, 91-
96]. Among the mentioned methods, the latest one is well known as scalable with high 
yield. To prepare NiONPs, thermal decomposition of nickel octanoate [91], aqua(2,9-
dimethyl-1,10-phenanthroline)NiCl2 complex [148], nickel oxalate [93, 96], dinuclear 
nickel(II) Schiff base complex [94] and nickel acetate [95] are reported. However, 
preparing the NiONPs by thermal decomposition of organometallic complex needs either 
numerous steps or surfactants or other toxic chemicals. 
So far, nanoscale NiO particles have been prepared to have a variety of sizes and shapes, 
including nanospheres(NPs)[64, 66, 71, 75, 82, 84, 86, 91, 92, 94, 96] , nanoplates [76, 
87] , nanosheets [86, 93] , nanoplatelets [90] , flaked like architectures [68, 93] , 
nanorings [88], nanoflowers[71, 74] , hollow nanostructures [97] , nanorods[78, 96] , and 
nanocubes [94, 96]. Numerous studies have examined the preparation of nanoscale NiO, 
and the development of novel synthetic methods that are simpler and provide smaller or 
more monodisperse product profiles remains a topic of interest. Small sizes monodisperse 
nanoparticles (NPs) are valuable because they provide a high surface area and 
homogeneous properties compared to larger polydisperse NPs samples.  
Organic moieties that act as a surfactant, stabilizer, reductant, or ligand play an important 
role in determining the sizes and shapes of NPs. Recently, monodisperse 10.8 nm 
florescent gold NPs have been prepared using pamoic acid (PA) (structure 1 Fig. 1) as a 
reductant and stabilizer [98, 99]. Disodium salt pamoic acid (Na2PA) provided 
monodisperse tin-doped indium oxide (ITO) NPs by acting as an organic additive and 
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dehydrating agent [100]. The chemical structure of PA may facilitate the preparation of 
monodisperse NPs. PA includes two 3-hydroxy-2-naphthoic acid units bridged at the 1-
position by a methylene (-CH2-) group, as shown in structure 1(Fig 1). PA has been used 
for salt formation in pharmaceutical formulations [101], and PA and its monomer, 3-
hydroxy-2-naphthoic acid, act as ligands in transition metal complexes[102-108] ; 
however, no studies have described the use of PA or its disodium salt as a complexing 
agent for the thermal preparation of monodisperse NiONPs. We attempted to use Na2PA 
in a simple thermal preparation of NiONPs for use as electrocatalysts in water oxidation. 
It should be noted that electrochemical water oxidation is important in renewable energy 
applications that convert solar energy into a usable fuel. 
An electrocatalyst’s cost, quality, and performance during water electrooxidation depend 
significantly on the substrate electrode. Glassy carbon electrodes (GCEs), indium tin 
oxide electrode and fluorine doped tin oxide (FTO) electrode are widely used to test 
electrocatalysts in a variety of electrochemical applications; however, they have a low 
surface area compared to porous electrodes, which limits the extent to which their surface 
modification can produce an efficient nanoelectrocatalyst.Along with the high cost and 
low surface area of commonly employed base electrodes, the complicated electrode 
modification method with electrocatalyst limits their applicability to the energy sector. As 
example, Singh et al. prepared NiONP- or NiO microball-modified FTO electrode for 
water electrooxidation application [54]. They prepared the NiO film on FTO by screen 
printing a mixture of NiO particles, ethyl cellulose, and terpineol, and successive 
sintering at 400 °C for 30 min and at 550 °C for 10 min. For reducing the complexity and 
cost in electrode modification step, using of numerous chemicals and sintering at high 
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temperature should be eliminated. Among the developed methods for electrode 
modification with nanoelectrocatalyst, drop-drying method is identified as simplest and 
straightforward one. However, aggregation of the nanomaterials on commonly employed 
bare electrode surface is severe obstacle of the drop-drying method, which reduces the 
electrocatalytic surface area. Therefore, it could be logical using alternative electrode 
materials which can reduce the severe aggregation of nanomaterials during 
immobilization them by drop-drying method. Use of interconnected micro-
nanostructured carbon is advantageous in that electrocatalysts are readily captured by the 
micro-nanostructured pores or adsorbed onto the side walls of the pores.  Recently, 
scientist have pyrolyzed normal filter paper, a cheap source of carbon, to obtain highly 
conductive, low-cost, interconnected, micro-nanostructured carbon electrodes for a 
variety of electrochemical applications [109, 110]. The use of a filter paper derived 
carbon electrode (FPCE) as a base electrode is, therefore, quite reasonable. 
Here, we report a simple preparation of relatively small monodisperse NiONPs via 
thermal decomposition of a Ni complex obtained by reacting Ni(NO3)2·6H2O and Na2PA 
in ethanol. The influence of Na2PA was verified by preparing the NiO via the same 
protocol without adding Na2PA. Field emission scanning electron microscopy (FESEM) 
images revealed that the NiONPs prepared in the presence of Na2PA were smaller and 
monodisperse compared to those prepared without Na2PA. The prepared NPs were 
characterized using X-ray diffraction (XRD) spectroscopy, X-ray photoelectron 
spectroscopy (XPS), and transmission electron microscopy (TEM).  The electrocatalytic 
properties of the NPs toward water electrooxidation in an alkaline medium were 




3.2 Experimental   
 
3.2.1 Materials   
  
Nickel(II) nitrate hexahydrate (Ni(NO3)2.6H2O) was supplied by Merck. Pamoic acid 
disodium salt (Na2PA), sodium hydroxide (NaOH) and filter papers were obtained from 
Sigma-Aldrich. Ethanol was purchased from Hayman Ltd., Eastways Park, UK. Copper 
tape (one-sided adhesive) and Scotch 898 premium-grade Filament Tape (one-sided 
adhesive) were obtained from 3M, United States.  
3.2.2 Preparation of the FPCE  
   
Initially, the filter papers were cut into pieces, 2 cm x 2 cm. The cut pieces were loaded 
onto a flat alumina crucible. The crucible was then transferred to the middle of the 
alumina tube in a tubular furnace. Both sides of the tube were locked, and the system was 
flushed with copious amounts of nitrogen (N2) gas for five minutes to create an inert 
environment. We next purged the system with N2, drop by drop, and heated the system at 
a rate of 10°C/minute until a temperature of 850°C was reached. After incubation at 
850°C for 5 hr, the sample was cooled at a rate of 5°C/min until reaching room 
temperature (RT). Finally the prepared FPCE was removed from the furnace. A useable 
working electrode was crafted by attaching one side of the prepared FPCE to the 
conducting copper tape and covering the FPCE with Scotch tape, leaving a 0.2 cm2 area 
(working electrode area) and the end of the copper tape uncovered to allow connection to 
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a potentiostat (see reference Aziz et al. 2017 for details). The usable FPCE is illustrated 
in Fig. 2. 
 
Figure 2: Photograph of the used FPCE. 
 
3.2.3 Preparation of NiO NPs and the NiO NPs-Modified FPCE   
 
Initially, we added 400 mg Ni(NO3)2.6H2O to a glass beaker containing 50 mL ethanol, 
and successively sonicated the mixture for 10 minutes. We then added 350 mg of the 
Na2PA to the reaction mass and sonicated for another 30 minutes. The beaker containing 
the reaction mass was transferred to a hot-plat and heated the sample at 65°C with stirring 
(300 rpm) to evaporate the ethanol. The obtained mass was dried overnight in an oven at 
40℃. The dried mass was transferred to an alumina crucible and placed in the glass tube 
Scotch Tape
Copper Tape
Exposed FPCE (0.2 cm2)
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of a tubular furnace. The position of the crucible in the middle of the tubular furnace was 
confirmed. We next heated the furnace under atmospheric conditions at 10°C/min until 
reaching 520°C, unless mentioned otherwise. This temperature was maintained for three 
hours, after which the sample was cooled at a rate of 5℃/min until reaching RT. Finally, 
we collected the NiONPs. Separately, NiONPs were prepared according to the same 
protocol without adding Na2PA.  
The NiONP prepared with Na2PA were dispersed to a concentration of 1 mg/mL in water 
via ultrasonication. Thirty microliters of the dispersed of NiONPs were dropped onto the 
working electrode area of the FPCE (the exposed FPCE area shown in Fig. 1) and the 
assembly was dried at RT to obtain a NiONP-modified FPCE. Similarly, we prepared a 
NiONP-modified FPCE using the NiONPs prepared without Na2PA. 
3.3 Instrumentation 
 
Electrochemical data were obtained using a CHI (760E) electrochemical workstation. 
The prepared bare FPCE and NiONP-modified FPCE were used as the working 
electrodes. A Pt wire and Ag/AgCl served as counter and reference electrodes, 
respectively. All electrochemical experiments were carried out at room temperature 
without deaeration.  Fourier transform infrared spectra (FTIR) were recorded using a 
Nicolet 6700 spectrometer, Thermo Scientific, USA. TGA-DSC analysis was carried out 
using a Netzsch STA (Model STA 449 F3). FESEM images were recorded using a field 
emission scanning electron microscope (TESCAN LYRA 3, Czech Republic). TEM 
images were recorded using a high-resolution transmission electron microscope 
(HRTEM) (JEM-2011, Jeol Corp.) equipped with CCD camera 4k x 4k (Ultra Scan 
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400SP, gatan cop.). An XPS equipped with an Al-Ka microfocusing X-ray 
monochromator (ESCALAB 250Xi XPS Microprobe, Thermo Scientific, USA) was used 
for the chemical analysis. X-ray diffraction patterns (XRD) of the NiONPs were obtained 
using a high-resolution Rigaku Ultima IV diffractometer equipped with Cu-Kα radiation. 
3.4 Results and discussion.   
3.4.1 Interaction between the Na2PA and Ni(NO3)2·6H2O 
 
Initially, Na2PA and Ni(NO3)2·6H2O were mixed in ethanol. The ethanol was evaporated 
away with heating. The interaction between Ni2+ and Na2PA was explored using FTIR 
(Fig. 4A) and XPS (4B) analysis of the dried mass.  The IR spectrum revealed 
characteristic peaks at 3610, 3410, 3060, 2940, 1640, 1580, 1520, 1460, 1400, 1360, 
1240, 1200, and 820 cm–1.  The peaks at 3610, 3410, 3060, and 2940 cm–1 indicated the 
presence of aromatic –OH groups, coordinated H2O, aromatic H-C, and H-CH- 
functional groups, respectively.  The peaks at 1640 and 1360 cm–1 were attributed to νas 
(COO–) and νs (COO
–), respectively. The Δ(νas – νs) value of 280 cm-
1   was assigned to 
the bis-monodentate chelation mode of carboxylate group to Ni, as shown in structure-2 




Figure 3: Structure-2 Plausible structure of the complex formed in the interaction 
with Ni(NO3)2 and Na2PA. 
The formation of the Ni-O bond was further confirmed by recording the XPS of the dried 
mass. The XPS spectrum revealed the binding energy peak positions at 856.0, 860.3, 
873.5, and 879.4 eV, assigned to the Ni2p3/2, Ni2p3/2(sat), Ni2p1/2, Ni2p1/2(sat) binding 
energies, which were comparable to the binding energies of Ni(acetate)2·4H2O and NiO  
[149-152]. That is, a Ni-O bond was present in the complex. A plausible structure of the 
complex is illustrated as structure-2(Fig. 3). The dried mass prepared by mixing Na2PA 




Figure 4: (A) FT-IR spectrum, and (B) XPS spectrum of the resultant dried reaction 
mass obtained after mixing Na2PA and Ni(NO3)2.6H2O in ethanol, followed by 







































3.4.2 TGA Analysis of the Ni-PA Complex. 
 
Prior to the thermal decomposition of the of Ni-PA complex for NiO preparation, TGA 
analysis were performed to optimize the decomposition temperature. Slow weight losses 
were observed with increasing temperature up to 300°C (Fig. 5). This weight loss was 
attributed to the elimination of loosely bound solvent molecules, crystalline water, and 
the decomposition of some fraction of Na2PA.  Significant sharp weight losses observed 
in the range 300–420°C were attributed to the decomposition of the remaining parts of 
the Na2PA and NO3
2– structures. At temperatures exceeding 420°C, the weight remained 
nearly constant. The total weight loss at 420°C was ~25%. These findings indicated that 
the complete conversion of Ni-PA to NiO occurred at temperatures of 420°C and above. 
As a result, a temperature ≥ 420°C were chosen for the thermal decomposition of the Ni-






























3.4.3 Effect of the Extent of Heat Treatment on the Crystallinity of the 
NiONPs 
 
The TGA analysis revealed that NiO formed upon decomposition of the Ni-PA complex 
at temperatures greater than or equal to 420°C; therefore, we heated the Ni-PA complex 
at a low temperature, 420°C, in air for three hours.  After cooling, the product was 
subjected to XRD analysis. Figure 6a shows that the major peaks occurred at 2θ values of 
37.25, 43.40, 62.20, 75.52, and 79.56°, corresponding to the 111, 200, 220, 311, and 322 
crystal planes, indicating the formation of cubic NiO (bunsenite, NaCl-type structure) 
(JPCDS card No. 01-071-1179).  As the heat treatment temperature was increased, the 
intensities of the peaks increased without changing the pattern; that is, the crystallinity 
and phase purity of the NiO increased with the extent of heat treatment within the 
temperature zone tested (Fig. 5a-c). By considering the extent of temperature and 




Figure 6: XRD patterns of NiO prepared by thermal decomposition of the Ni-PA 
complex at different temperatures: (a) 420°C, (b) 520°C, and (c) 620°C. 
 
 

































3.4.4 Morphological Characterization of the NiONPs Prepared at 520°C 
 
Figure 7a shows an FESEM image of the NiO prepared using Na2PA, and Fig. 7b shows 
a magnified view of Fig. 7a.  These images show that the particles were nearly 
monodisperse NPs. The NiONP size was determined from the TEM images, discussed 
below. The effect of using Na2PA was verified by following the fabrication protocol 
without adding Na2PA. The solvent, ethanol, could form a complex and generate NiONPs 
upon thermal combustion with the divalent nickel salt in the absence of a ligand. Figure 
7c shows an FESEM image of the NiO prepared without using Na2PA.  Figure 7d shows 
a magnified view of Fig. 7c. FESEM images revealed that the NiONPs formed without 
Na2PA were much larger (Figs. 7c and 7d) than the NiONPs obtained in the presence of 
Na2PA (Figs. 7a and 7b). It should be noted that the NiONPs formed without Na2PA 
were polydisperse in terms of both shape and size. The phase of the NiONP prepared 
without using Na2PA was confirmed by XRD experiments (data not shown). The XRD 
data revealed that the NiONPs prepared without Na2PA were more crystalline than those 
prepared with Na2PA. Although large polydisperse NiONPs (spherical, cubic, pentagonal 
shapes; 23–284 nm in size) were obtained without using Na2PA, this approach provides a 
clue for a simple and cheap route to the formation of size- and shape-controlled metal 
oxide NPs. Optimization and the selection of the metal precursor could increase the 




Figure 7: SEM images of NiO prepared by the thermal decomposition of a Ni-PA 






The NP size could be estimated from the FESEM images shown in Figs. 7a and 7b. TEM 
images (Fig. 8a) permitted more precise particle size measurements. The average NiONP 
particle size prepared with Na2PA, calculated from the TEM images, was 19.1 ± 3.2 nm. 
Figures 8b and 8c show, respectively, HRTEM images and selected area diffraction 
patterns (SAED) of the NiONPs prepared with Na2PA. The interplanar distance was 
determined to be 0.2173 nm (Fig. 8b), which was close to the interplanar spacing (0.21 
nm) measured over 200 planes of NiO (bunsenite) (Kwon et al. 2016).  The SAED data 




Figure 8: TEM image (a), HRTEM (b), and SAED (c) data collected from NiONPs 






3.4.5 Morphological Characterization of the NiONPs-Modified FPCE  
 
We used FPCE as a substrate electrode rather than the commonly employed GCE 
because FPCE constitutes an interconnected micro-nanostructured carbon form with a 
high electroactive surface area (ECSA), as confirmed by FESEM images and surface area 
calculations by cyclic voltammetry techniques (data not shown). The characterization of 
the FPCE will be reported in detail elsewhere. The distribution of NiONPs on the FPCE 
surfaces was examined using FESEM imaging at low magnifications (Fig. 9) as the sizes 
of the synthesized NiONPs were described in details above. Figures 9a and 9b show 
FESEM images of the FPCE modified with NiONPs prepared with Na2PA, and Figs. 9c 
and 9d show FESEM images of the FPCE modified with NiONPs prepared without 
Na2PA. The white grains indicate NiONPs, and the background corresponds to the FPCE. 
The FESEM images revealed that both types of NiONPs were distributed as small cluster. 
Interestingly, the small clusters were distributed homogeneously across the surface (they 
did not aggregate as big cluster in certain areas). The big cluster formation of NPs in 
certain areas on a bare solid substrate during immobilization via drop-drying methods is 
very common and prohibits use of this method in many applications [100, 153, 154] . The 
homogenous distribution of NiONPs (as small cluster) on the FPCE may have resulted 
from the presence of the micro-nanostructured cavities on the FPCE. These cavities may 




Figure 9: FESEM images of a FPCE modified with NiONPs prepared (a) with 








3.4.6 Electrocatalytic Activities of NIO NPs Toward Water Oxidation in an 
Alkaline Medium 
 
Figures 13a–13c show linear sweep voltammograms (LSVs) of the bare FPCE and the 
FPCEs modified with NiONPs prepared with or without Na2PA. The three CVs reveal 
that the electrocatalytic activities toward water oxidation increased upon immobilization 
of NiONPs onto FPCE to a different extent, depending on whether the NiONPs were 
prepared with or without Na2PA. The FPCE modified with NiONPs prepared with Na2PA 
showed a higher electrooxidation current compared to that measured at the FPCE 
modified with NiONPs prepared without Na2PA. The water electrooxidation current 
densities at 1.5 V were 8.80, 30.81 and 24.98 mAcm–1 for the bare FPCE, FPCE modified 
with NiONPs prepared with Na2PA, and FPCE modified with NiONPs prepared without 
Na2PA, respectively. It should be noted that both modified FPCEs showed the same 
water electrooxidation potential, 0.5 V, which was 400 mV lower than the water 
electrooxidation potential of bare FPCE, 0.9 V. The higher electrocatalytic activity of the 
NiONP(with Na2PA)-FPCE was expected because the NiONPs prepared with Na2PA 




Figure 10: Linear sweep voltammogram of (a) the FPCE, and an FPCE modified 
with NiONPs prepared (b) with and (c) without Na2PA, in 0.1 NaOH (aq). Scan 
rate: 100 mVs–1. 























3.5 Conclusions  
 
In summary, we developed a thermal decomposition method for preparing monodisperse 
NiONPs using Ni(NO3)2·6H2O as a nickel precursor and Na2PA as a complexing agent. 
We also verified the influence of Na2PA by preparing nanoparticles using a common 
procedure conducted with or without Na2PA addition.  The NiONPs prepared without 
Na2PA were highly polydisperse. The average NP size was much larger than that 
obtained with the addition of Na2PA. The electrocatalytic activities of both NiONPs 
toward electrooxidation in an alkaline medium were evaluated after immobilization on an 
FPCE using a simple drop-drying method. The NiONP(with Na2PA)-FPCE showed a 
much higher electrocatalytic activity toward water electrooxidation than the 
NiONP(without Na2PA)-FPCE or bare FPCE.  The superior electrocatalytic properties of 
the NiONP(with Na2PA)-FPCE were expected because these NPs were small and 
monodisperse. The monodisperse small NPs described here could play an important role 
in catalysis, electronics, optoelectrical device, and electrochemical applications, including 
electrochemical sensors, biosensors, gas sensors, batteries, capacitors, solar cells, fuel 
cells, and water splitting cells. 
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1 CHAPTER 4 
 PREPARATION OF NANO-CO3O4 BY DIRECT 
THERMAL DECOMPOSITION OF CO(NO3)2·6H2O FOR 
ELECTROCHEMICAL WATER OXIDATION 
BACKGROUND: Nano-Co3O4 has been used in various technological areas and 
applications such as electrochemical sensors and electrochemical water splitting. Even 
though many efforts have been expended to prepare nano-Co3O4, the development of 
novel methods to prepare Co3O4 using simple processes and at low cost remain a topic of 
interest. Besides, it could be economic and useful if the synthesized nanoparticle could be 
applied as efficient electrocatalyst upon its immobilization on a cheap base electrode 
material by very simple method for various practical applications including renewable 
energy.  
METHOD: We prepared nano-Co3O4 by a direct thermal decomposition of an 
inexpensive, simple and widely available cobalt inorganic precursor such as 
Co(NO3)2·6H2O without any type of pre-reaction or processing. The nano-Co3O4 was 
immobilized on filter-paper-derived carbon electrode by drop-drying method for applying 
as electrode materials toward water electrooxidation.   
RESULTS: The X-ray diffraction, field emission scanning electron microscopy, and 
transmission electron microscopy analysis confirmed the formation of short nanorods of 
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single-phase Co3O4 upon thermal decomposition of Co(NO3)2·6H2O at 520 °C. The 
electrocatalytic properties of the nano-Co3O4 were evaluated after immobilizing it on a 
cheap carbon electrode derived from normal filter paper. The modified electrode showed 
good electrocatalytic properties toward water oxidation in an alkaline solution.  
CONCLUSION: In conclusion, we developed a very simple, straight-forward and 
economic method for preparation of nano-Co3O4 and immobilized it on very cheap 
carbon electrode for evaluating its electrocatalytic properties. Due to the high 
electrocatalytic properties, the prepared nano-Co3O4 could potentially play an important 
role in various practical fields. 
4.1 Introduction 
 
Nano-Co3O4 has been recently attracting the attention of scientists due to its high 
stability, its anomalous chemical, electrochemical, electronic, magnetic and catalytic 
properties, and the relatively high abundance of cobalt in the earth. [111-125]  Nano-
Co3O4 have been used in various technological areas and applications such as 
electrochemical sensors, [118-120] electrochromic windows,[121] gas sensors,[122] 
batteries,[123] capacitors,[111, 113]  solar cells,[124, 125]  fuel cells,[126] 
electrochemical water splitting [117] and catalysis [112, 114, 124] . Due to its widespread 
application, several methods have been developed to prepare various types, including 
various sizes and shapes, of nano-Co3O4[111-113],[116-121],[123-146] Even though 
many efforts have been expended to prepare nano-Co3O4, the development of novel 
methods to prepare Co3O4 using simple processes and at low cost remain a topic of 
interest. Of the above-mentioned preparation methods, thermal decomposition is 
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particularly advantageous in yielding phase-pure nano-Co3O4 and for its easy scale-up.  
Generally, the thermal decomposition method, when used for producing nano-Co3O4, 
requires a suitable cobalt precursor such as cobalt oxalate, [129] cobalt(II)-tartrate 
complex, [130] cobalt citrate, [131] cobalt ethylene glycol carboxylates, [132]  N-N-
bis(salicylaldehyde)-1,2-phenylenediimino cobalt(II), [133] 
[bis(salicylaldehydeato)cobalt(II)] ,[134] [bis(salicylaldehyde)ethylenediiminecobalt(II)], 
[135] cobalt in complex with plant extract, [136]  cobalt hydroxyl carbonates,[137] 
pentamminecobalt(III) complex,[138] hexamminecobalt(III) nitrate complex,[139] cobalt 
bis (4-pyridine carboxylate) tetrahydrate,[141] Co(cinnamate)2(N2H4)2,[142] 
Co3[Co(CN)6]2,[143] cobalt hydroxide,[144]  or a Co-based metal organic 
framework.[145] But these precursors themselves need to be prepared with tedious 
reactions between common simple inorganic salts like CoCl2·6H2O or Co(NO3)2·6H2O 
and organic or inorganic molecules in solvents, and carrying out these reactions is time 
consuming and increases the overall cost of the final nano-Co3O4 products. Also note 
that, solvothermally prepared amorphous CoOx from Co(NO3)2·6H2O can be converted to 
Co3O4 upon thermal decomposition at various temperatures.[146]
 In addition, Yan et al. 
reported the preparation of nano-Co3O4 by a thermal decomposition of Co(NO3)2·6H2O-
loaded g-C3N4, which was prepared by the mixing of Co(NO3)2·6H2O and g-C3N4 in 
ethanol under stirring followed by the evaporation of the ethanol.[107]  Clearly, it would 
be advantageous in terms simplicity, rapidity, and expense to be able to prepare pure 
nano-Co3O4 by a direct thermal decomposition of an inexpensive, simple and widely 
available cobalt inorganic precursor such as Co(NO3)2·6H2O  or CoCl2·6H2O without any 
type of pre-reaction or processing. Though it has been reported that Co(NO3)2·6H2O can 
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be decomposed to cobalt oxide,[147] there has been no report of the preparation of pure 
nano-Co3O4  by a direct thermal decomposition of Co(NO3)2·6H2O without any 
preprocessing or pre-reaction. 
In this communication, we report a very simply preparation of nano-Co3O4 involving the 
direct thermal decomposition of Co(NO3)2·6H2O at 520 °C in a normal aerial 
atmosphere. The prepared nanostructured materials were characterized by acquiring from 
them field emission scanning electron microscopy (FESEM) and transmission electron 
microscopy (TEM) images and X-ray diffraction (XRD) data.  The electrocatalytic 
properties of the prepared nano-Co3O4 toward water electrooxidation in alkaline medium 
were also evaluated, and done so by immobilizing them on a filter-paper-derived carbon 
electrode (FPCE) prepared by pyrolysis of normal filter paper 
4.2 Experimental 
 
To prepare the nano-Co3O4, initially we transferred 400 mg of Co(NO3)2·6H2O 
(obtained from Sigma-Aldrich) into an alumina crucible, which was then placed into a 
Pyrex glass tube of a tubular furnace. Next, we heated the mass at 520 °C for three hours 
in a normal aerial atmosphere to obtain nano-Co3O4. Finally, we collected the nano-
Co3O4 and characterized it with XRD (using a Rigaku Ultima IV diffractometer 
equipped with Cu K-alpha radiation), FESEM (using a TESCAN LYRA 3, Czech 
Republic), energy dispersive spectroscopy (EDS) (using an Xmass detector, Oxford 




As mentioned above, we immobilized prepared nano-Co3O4 on an FPCE, and to do so 
we first dispersed it at a concentration of 1 mg/ml in water via ultrasonication.  A volume 
of 30 µL of this dispersion was then dropped on the working electrode area (0.2 cm2) of 
the FPCE, and dried at room temperature to obtain a Co3O4/FPCE. Note that FPCE was 
prepared by carrying out a pyrolysis of cut pieces (2 cm x 2 cm) of filter paper 
(purchased from WhatmanTM; http://www.capitolscientific.com/) under nitrogen 
atmosphere at 850 °C for five hours, and a photograph of the used form of the FPCE, 
which was prepared according to our earlier report[155], is shown in Fig. 2. Bare FPCE or 
Co3O4/FPCE was used as the working electrode, and a Pt wire and Ag/AgCl served as 
the counter and reference electrodes, respectively. Electrochemical data were obtained in 
0.1 M sodium hydroxide (NaOH) (aq.) using a CHI 760E (http:// 
www.chinstruments.com) electrochemical workstation. The used NaOH was received 
from Sigma-Aldrich (http://www.sigmaaldrich.com).  
4.3 Results and discussion 
 
Figure 10a shows a thermal gravimetric analysis (TGA) of Co(NO3)2·6H2O; this TGA 
experiment was carried out at a scanning rate of 10 °C/min from 35 °C to 640 °C in air. 
The TGA curve indicated that a sharp weight loss occurred upon heating the sample from 
65 °C to 270 °C, at which point only 30% of the original weight of Co(NO3)2·6H2O 
remained. Further increasing the temperature to 640 °C did not yield any additional 
weight loss. The weight loss that occurred from 65 °C to 270 °C was attributed to the loss 
of water molecules and decomposition of Co(NO3)2 to cobalt oxide.[147] Even though 
applying a relatively low temperature of ≥ 270 °C converted Co(NO3)2·6H2O to cobalt 
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oxide, we chose 520 °C for this conversion in subsequent experiments. A detailed study 
of the temperature dependence of the formation of cobalt oxide from Co(NO3)2·6H2O is 
in progress.  Figure 10b shows the XRD pattern of the product of heating the 
Co(NO3)2·6H2O at 520 °C for three hours in a normal aerial atmosphere. The obtained 
peaks were very sharp, indicating the product to be highly crystalline. The peak positions 
at 2θ values of 19.13, 31.40, 37.0, 38.63, 44.91, 55.71, 59.43 and 65.29 were attributed to 
the 111, 220, 311, 222, 400, 422, 511 and 440 crystal planes of cubic Co3O4 based on 
JCPDS 42-1467. This result clearly indicated the formation of pure single-phase cubic 
Co3O4 upon carrying out a heat treatment of Co(NO3)2·6H2O at 520 °C for three hours 




Figure 11:  (a) TGA curve of Co(NO3)2·6H2O at the selected temperature zone. (b)   
XRD pattern of the product of subjecting Co(NO3)2·6H2O to a temperature of 520 
°C for three hours. 

































































Next, we carried out morphological studies of the prepared Co3O4. Figures 11a and 11c 
show the FESEM and TEM images of the prepared nano-Co3O4. Figures 11b and 11d 
are magnified views of Figures 11a and 11c, respectively. The initial FESEM image 
(Figure 11a) indicated the presence of homogeneously dispersed nano-Co3O4. The 
magnified view of this image (Figure 11b) and the TEM images (Figure 11c, d) clearly 
showed that shape of the nano-Co3O4 is very short rod. The diameters and lengths of the 
Co3O4 nanorods were measured to range from 20.5 to 45.9 nm and from 28.3 to 69.4 
nm, respectively, with their average diameter being 32.0 nm. The distances between the 
planes observed in the HRTEM image were 0.25 nm (marked in Figure 11e), 
corresponding to the 311 planes of cubic Co3O4, which yielded the strongest peak in its 
XRD pattern (Figure 10b).[123] The selected area electron diffraction (SAED) image of 




Figure 12:  (a, b) FESEM images, (c, d) TEM images, (e) HRTEM image, and (f) 
SAED pattern of the nano-Co3O4 prepared by heating Co(NO3)2·6H2O at 520 °C 
for three hours in an aerial atmosphere. 
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In order to evaluate the electrocatalytic properties of nano-Co3O4, we immobilized it on 
FPCE as the substrate electrode (Fig. 2) rather than on the commonly employed glassy 
carbon electrode because FPCE is micro-nanoporous in nature and has a high 
electroactive surface area. The micro-nanoporous cavities of FPCE were expected to be 
helpful in creating a homogeneous distribution of immobilized nano-structured materials, 
rather than aggregates only in certain locations, when using the drop-drying method. Fig. 
12a shows an FESEM image of a nano-Co3O4/FPCE, which was prepared by drop-drying 
of an aqueous solution of the prepared nano-Co3O4. To visualize the distribution of the 
nano-Co3O4 on a comparatively large surface of FPCE, we also recorded FESEM images 
at comparatively low magnifications. The FESEM image showed the nano-Co3O4 to form 
aggregates (clusters), but these aggregates were observed to be distributed 
homogeneously throughout the surface (i.e., not gathering only in certain areas). Note 
that the gathering of immobilized nanostructured materials in only certain places on bare 
solid substrate materials is very commonly observed when carrying out drop-drying, and 
such gathering limits a wide practical application of the drop-drying method. [100, 153, 
154] We attributed the relatively homogenous distribution of the nano-Co3O4 on the 
FPCE to the micro-nanostructured cavities of the FPCE. These cavities perhaps hindered 
the gathering of nano-Co3O4 in certain places during the drying of the nano-Co3O4 
solution. Fig. 12b shows the corresponding EDS spectrum of the FPCE modified with 





Figure 13: (a) FESEM image of a nano-Co3O4/FPCE. (b) Corresponding EDS 
spectrum of red boxed area of (a). 
Figs. 14a and 14b show linear sweep voltammograms (LSVs) of the bare FPCE and 
nano-Co3O4/FPCE in 0.1 M NaOH, respectively. Comparison of these two CVs readily 
showed a significant improvement in the electrocatalytic properties toward water 
oxidation upon immobilization of Co3O4 nanorods on the FPCE. The achieved water 
electrooxidation current densities at 1.5 V were 37.89 mAcm-2 and 8.80 mAcm-2 for 






water oxidation at low potential, 0.7 V. These results taken together revealed the good 
electrocatalytic properties of the prepared Co3O4 nanorods toward water oxidation.  
 
Figure 14:  Linear sweep voltammograms of FPCE (a) and nano-Co3O4/FPCE (b) in 
0.1 M NaOH (aq.). 
4.4 Conclusion 
 
Here, nano-Co3O4 was prepared by carrying out a direct thermal decomposition of 
Co(NO3)2·6H2O at 520 °C in an aerial atmosphere. The prepared nano-Co3O4 was 
characterized in detail by using XRD, FESEM and TEM, and HRTEM. These analyses 
confirmed the formation of highly crystalline Co3O4 nanorods with an average diameter 
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of 32 nm.  The nanorods were immobilized on an FPCE to evaluate their electrocatalytic 
properties. The FPCE modified with nano-Co3O4 showed good electrocatalytic 
properties toward water oxidation in an alkaline medium. This simply and straight-
forwardly prepared nano-Co3O4 could potentially play an important role in various 
practical fields and applications such as catalysis, electronics, opto-electrical devices, and 
electrochemical applications including electrochemical sensors, biosensors, gas sensors 









2 CHAPTER 5 
 EFFECTS OF CALCINATION TEMPERATURE ON 
THE OXYGEN EVOLUTION REACTION 
PERFORMANCE OF CO3O4NP/FPCE CATALYSTS 
Tricobalt tetraoxide nanoparticles (Co3O4 NPs) catalysts have been widely studied for 
water oxidation (oxygen evolution reaction). However, few researchers have investigated 
the effects of calcination temperatures on the Co3O4 nanoparticles for water splitting. For 
preparing Co3O4 nanoparticles, the catalysts of Co3O4 NPs/FPCE (Co3O4 NPs -modified 
filter paper derived carbon electrode (as substrate)) were utilized by thermal 
decomposition method. Also, it was confirmed that there was a good activity for Co3O4 
nanoparticles at a calcination temperature of 520℃ toward oxygen evolution reaction. 
The effects of different annealing temperatures of 320,420,520 and 620℃ on the activity 
and stability of Co3O4 nanoparticles for oxygen evolution reaction were studied. The 
electrochemical measurements resulted from the experimental electrodes were recorded 
by cyclic voltammograms and chronoamperometry techniques. The electrochemical 
findings have revealed that Co3O4 NPs/FPCE catalyst with the calcination temperature of 
420 ℃ has highest activity while the highest stability was at 320℃. Increasing the 
efficiency of nanoparticles catalyst (Co3O4 NPs) at a calcination temperature of 420 ℃  
resulted from their well-distribution, smaller nanorods sizes, and higher 
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electrochemically active surface area. In addition, the properties of catalysts prepared at 
different calcination temperatures have been characterized by X-Ray diffraction (XRD), 
scanning, and transmission electron microscopy (SEM, TEM) , high -resolution 




The advantages of technology in the renewable energy field attracts the research and 
industrial community to devote a tremendous effort to make a breakthrough in this area. 
Currently, most available energy sources are not sustainable, and they are considered as a 
source of pollution. As a result, develop a new generation of energy sources that are 
environmentally friendly, clean and sustainable are urgent. As an example of cheap 
renewable energy sources is water oxidation(WO) including oxygen evolution 
reaction(OER). However, this technique encounters many challenges such as low 
kinetics, short activity and large overpotential [2]. In other words, obtaining efficient 
stable catalyst capable of splitting water is one of the most challenges in conversion the 
chemical energy to electrical energy. This is because of the poor kinetics of OER 
[31].Furthermore, the ultimate dissociation of water-oxidizing complexes (WOCs ) into 
soluble species is mainly one of the most limitation in this process (OER)[156, 
157].Therefore, enhancing and controlling the structure of catalysts  are imperatively 
needed for optimizing the activity of these catalysts [31].This means  to achieve a high 
activity of water oxidation(WO),active catalysts should be utilized. Many categories of 
catalysts such as electrochemical, photoelectrochemical and chemicals have been studied 
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and developed to get a high catalytic activity toward oxygen evolution reaction. Where a 
lot of researchers have reported the synthesis of many electrochemical[3-15] and 
photochemical [16-18]catalysts . In the current study, the focused was on the 
electrochemical catalysts because of their simpler preparation. 
One of these electrocatalysts is cobalt oxides over a substrate (like carbon which work as 
an electrode). Specifically,Co3O4 , which is one of the spinel oxides, has been 
significantly and recently investigated because of its own unique physical and chemical 
proprieties ,applications in interconversion between chemical and electrical energies as 
well as storage[55-58].Moreover, in regard to its applications, it can be used in  
supercapacitors, water splitting, and batteries of lithium-ion [55-58].Therefore, various 
researchers have developed different methods to synthesis Co3O4 with 2D nanostructure 
to electrothermally improve the performance [25, 49, 50, 52, 158-160]. In our last work, 
we have used the simple way of preparation []. With respect to the substrate, numerous 
substrates have been used in published papers as electrodes. However, most of them were 
not cheap. Thus, in the previous work, we have used a cheap substrate (the carbon 
derived from the filter paper carbon) as an electrode. Where the current densities were 
37.89 and 8.80 mA cm-2 at 1.5V for Co3O4 NPs/FPCE and FPCE at a temperature of 520 
℃ ,respectively. However, the problems with this catalyst (Co3O4 NPs/FPCE) are the 
non-stability and the less activity as well. This is may be attributed to the dissolution of 
the complex catalyst, the weak contact between the NPs and electrode substrate, the 
bigger NPs formed at a temperature of 520 ℃ and the dropping method used for 
depositing NPs over FPCE. As it is known, the fabricated conditions for preparation of 
NPs play a significant role in determining the basic characteristics of synthesized 
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nanoparticle including shape, size, size of the distribution, crystals and mutual alignment. 
Thus, using various conditions in the fabrication of nanoparticles results in different 
findings. Therefore, in this work, the method of thermal decomposition for preparation 
NPs will be considered, so the activity and stability of NPs can be improved by studying 
the effects of different annealing temperatures on Co3O4 NPs for oxygen evolution 
reaction application. This method will be used because it is easy to prepare the raw 
material and controlling the prepared nanoparticles. 
Up to this moment, a few researchers reported the effects of calcination temperature on 
the catalyst performance for water oxidation. In previous work, Co3O4 NPs nanoparticles 
were prepared using only nitrate cobalt precursor without adding any chemical by 
thermal decomposition at a temperature of 520 ℃. It revealed that Co3O4 NPs/FPCE 
catalyst had a good activity toward water oxidation while the stability was not quite well. 
However, no body studied the effect of calcination temperature on the Co3O4 NPs-  
which were prepared directly from thermal decomposition of only nitrate cobalt 
precursor- performance for water oxidation. Therefore, it is necessary to study the 
synthesis conditions for optimizing them, so the activity and stability of Co3O4 
NPs/FPCE catalyst can be improved. In this work, the effect of the calcination 
temperature was investigated on the performance of Co3O4 NPs/FPCE catalyst toward 
water oxidation. The calcination temperature: 420 ℃ is the best temperature to prepare 





5.2.1 Materials and Instruments. 
 
Both Cobalt(II) nitrate Hexahydrate (Co(NO3)2·6H2O) and Sodium Hydroxide (NaOH) 
were obtained from Sigma-Aldrich while filter Papers were purchased from Whatman.  
The electrochemical workstation (CHI 760E) was used for obtaining Electrochemical 
data. The working, counter and reference electrodes were represented by Co3O4-modified 
FPCE, Pt wire, and Ag/AgCl, respectively. All electrochemical measurements were 
recorded at the room temperature and atmospheric pressure. Fourier transform infrared 
spectra (FTIR) was carried out by a Nicolet 6700 spectrometer, Thermo Scientific, USA. 
FESEM images were carried out via a field emission scanning electron microscope 
(TESCAN LYRA 3, Czech Republic). TEM images were carried out by a high-resolution 
transmission electron microscope (HRTEM) (JEM-2011, Joel Corp.) supplied with CCD 
camera 4k x 4k (Ultra Scan 400SP, gatan cop.). X-ray diffraction patterns (XRD) for the 
Co3O4 NPs were recorded by a high-resolution Rigaku Ultima IV diffractometer supplied 
with Cu-Kα radiation. 
5.2.2 Preparation of Filter Paper Derived Carbon Electrode(FPCE) 
 
At the beginning, many pieces were obtained by cutting filter papers to with dimensions 
of 1.4 cm x 1.8 cm. These pieces were inserted in a flat alumina crucible. Next, the 
crucible was taken to the center of the alumina tube, which is in a tubular furnace. The 
two sides of the tube were sealed. Then, the system was fed with full amounts of nitrogen 
gas for a period of five minutes for evacuating the environment from air and water. Then, 
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the system was fed with N2 in slow flow rate and heated at a temperature rate of 10°C 
every minute until reaching the temperature of 850°C.Then, after constant heating for 5 
hours at 850°C, the temperature was decreased at a rate of 5°C per min till the room 
temperature. Finally, the obtained FPCE was ready to take out from the furnace. For 
preparing working electrode, one side of the obtained FPCE was attached to the scotch 
tape and the other side was connected with conducting copper tape. Then, the other side 
was covered with scotch tape excluding the area of 0.2 cm2 of FPCE and the copper tape 
end. Where the area of 0.2 cm2 was worked as working electrode and the uncovered end 
of the copper tape was connected to a potentiostat (see reference [161]). The prepared 
FPCE is shown in Fig. 1. 
5.2.3 Preparation of Co3O4 NPs and Co3O4 NPs-Modified FPCE Catalyst 
 
Initially, 400 mg of Ni(NO3)2.6H2O was transferred to an alumina crucible. The crucible 
was placed in the glass tube, which was positioned in a tubular furnace. We confirmed 
that the crucible containing the sample was positioned in the center of the tubular 
furnace. Then, the furnace was heated at a rate of 10°C per min till reaching 320°C. Next, 
the temperature of 320°C was constant for three hours. After that, the product was cooled 
at a temperature rate of 5°C/ min until the room temperature was reached. Finally, the 
Co3O4 NPs were collected. Separately, Co3O4 NPs was prepared at temperatures of 
420,520 and 620°C were prepared according to the same protocol with temperature of 
320°C 
The prepared Co3O4 NPs prepared at temperatures of 320,420,520 and 620 ℃ were 
dispersed in water with a concentration of 3mg/3mL using ultrasonication. 30 𝜇L of the 
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dispersed Co3O4 NPs were deposited on the exposed working electrode area of 0.2 cm2 of 
FPCE   by dropping cast method as illustrated in Fig. 1. After that, the complex was dried 
at room temperature overnight. At the end, a Co3O4 NPs -modified FPCE was obtained. 
Following the same procedures, a Co3O4 NPs -modified FPCE at temperatures of 420,520 
and 620 ℃  were prepared. 
5.3 Electrochemical Measurements  
 
The electrochemical measurements were recorded via CHI (760E) electrochemical 
workstation in the solution of 0.1M NaOH at atmospheric conditions. The Co3O4 NPs 
(prepared at 320,420,520&620℃)-modified FPCE, Ag/AgCl and Pt wire were used as 
working, reference and counter electrodes, respectively as mentioned above. The cyclic 
voltammograms (CVs) for the catalysts of Co3O4 NPs (at 320,420,520&620℃)-modified 
FPCE were recorded for showing water oxidation and redox reactions in the potential 
ranges of 0.7-1.5V and 0.4-0.75 V, respectively. Furthermore, the chronoamperometry 
curves were recorded for showing the stability of the catalysts in the time range of 0.0-
5000s. Also, the electrochemical active surface area was calculated using electrochemical 
double layer capacitance of the catalytic surface. All these electrochemical measurements 
will be illustrated in detail in the next the section of results and discussion. 
5.4 Results and Discussions 
 
Figure 2 shows a simple photograph of the FPCE which was modified with the prepared 
nano-Co3O4. Where the Co3O4 NPs catalysts and the filter paper carbon electrode (FPCE) 
have been successfully prepared by thermal decomposition method at different 
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temperatures (320,420,520 and 620℃) and pyrolysis process at a temperature of 850 ℃ 
,respectively. Then, the NPs have deposited on the FPCE by dropping cast method for 
oxygen evolution reaction 
5.4.1 Characterizations of Co3O4 NPs Formed at Different Calcinations 
Temperatures  
 
Figure 15 shows the XRD patterns of the product (Co3O4 NPs) formed from the 
calcination process at various temperatures of 320, 420, 520 and 620℃.The rise of 
calcination temperatures resulted in sharp peaks where the crystallinity of nanoparticles 
was the lowest at 320℃ and it increased until 620 ℃. Thus, it can be deduced that there 
was a linear relationship between the sintering temperature and the crystallined particles. 
However, the diffraction peaks positions of four samples are similar. Furthermore, it can 
be observed that there are only obvious eight peaks diffractions between 2𝜃=10°and 2𝜃= 
70° , so no detectable peaks for impurities were found. Therefore, the product of Co3O4 
NPs has high purity. All the diffractions peaks at 2𝜃 values of 19.13, 31.40, 37.0, 38.63, 
44.91, 55.71, 59.43 and 65.29° can be indexed to planes of 111, 220, 311, 222, 400, 422, 
511 and 440, respectivly, indicating that cubic crystalline planes of Co3O4 (pure phase) 
were formed. This is in consistent agreement with the standard JCPDS (card No. 42-
1467) of cubic Co3O4 crystals. 
Figure 16 shows the spectra of FTIR for Co3O4 NPs catalysts at different temperatures 
(320,420,520 and 620℃). The investigation of the region (400-1370cm-1) indicated the 
existence of two obvious absorption bands all above the tested temperatures. Where they 
had different transmittances (intensities) but they had approximately the same bands. The 
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first one at around 𝜐1(576) cm-1 and the other at nearly 𝜐2(661) cm-1. where these two 
bands originate from extended vibrations of bonds connecting the metal and oxygen. This 
confirms the formation of Co3O4 oxide [162-164]. The band of 𝜐1 shows OA3 vibration 
where A denotes Co3+ in the tetrahedron hole of the lattice. On the other hand, the band 
of 𝜐2 shows BAO3 vibration where B denotes the Co+2 in the tetrahedron hole of the 
lattice, too [164]. The obtained FTIR results match with the results of XRD, both 
confirming the existence of only a pure phase of Co3O4 detected in the temperature range 
of 320-620℃. 
 
Figure 17 shows the SEM images of Co3O4 over ITO substrate at different temperatures: 
(a) 320, (b)420, (c)520 and (d) 620℃ . Overall, as the temperature increase till 620℃ , the 
short nanorods(NRs) were clearly observed. Although enormous nanorods and few 
nanosheets(NSs) of Co3O4 began forming at 320℃, NRs and NSs were not completely 
formed in this temperature (320℃). Regarding the nanosheets, they nearly disappeared 
above or equal to 420℃. However, the NRs sizes significantly increased through the 
temperature range of 420-620℃  .In other words, the NRs became bigger when the 
sintering temperature was increasing from 420 ℃ to 620 ℃ ,so the smallest NRs appeared 
at 420℃  as shown in figure 17 where the average diameters and lengths of nanorods 
were 31.592,51.592 and 66.929 nm and 61.014,55.734 and 95.24 nm at temperatures of 
420, 520 and 620 ℃ ,respectively. The lengths of NRs ranged from 39.508 to 88.112 nm, 
24.485 nm to 118.145 nm and 52.341 to 132.91 nm at temperatures of 420, 520 and 
620℃ ,respectively. In addition, it can be observed that the nanoparticles were very well 
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homogenously monodispersed at 420℃ as shown in part b of the same figure. overall, the 
Co3O4 nanoparticles sizes increased as the temperature increased through the temperature 
zone (320-620℃). Where the NPs at temperature of 420℃ had the lowest size compared 
to NPs at two temperatures of 520 and 620℃. Furthermore, the shapes of Nano particles 
were short rods and the NPs had the best distribution at 420℃  as illustrated in part b of 
figure 4. Because of the above-mentioned NPs features, the electrochemical properties 
were optimized at temperature of 420℃. 
Figure 18 shows TEM images of short rod nanoparticles of Co3O4  .Where these nanorods 
sizes become bigger as the calcination temperature increases through the tested zone 
(320-620℃).The nanorods diameters range from 5.979 to 9.371 ,12.005 to 22.022 , 
26.118 to 50.018 and 47.584 to 103.372 nm while the lengths range from7.187 to 27.002 
,15.165 to 33.835,29.61 to 62.846 and 53.265 to 140.711 nm for calcination temperatures 
of  320,420,520 and 620℃, respectively. The diameters averages of Co3O4 NPs  at 
320,420,520 and 620℃  were 7.753 , 15.852, 37.137 and 62 nm whilst the average 
lengths were 16.052,23.753,44.937 and 71.928 nm ,respectively. From the figure 18, it 
can also be observed that the sheet and rod nanoparticles were found at calcination 
temperature of 320℃ .However, the NPs at the temperature of 420 ℃ are more obvious 
and more independent than those at 320℃ where the rod nanoparticles are mostly found 
more than the sheets, which were nearly disappeared. Although particles became bigger 
(as mentioned above) as the calcination temperatures rose from 320 to 620℃,they 
became significantly agglomerated above 420℃ ,too, as shown in fig.18c and d. In 
addition, the polycrystalline formations are shown in the insets of   figures 18c and d for 
calcination temperature of 520 and 620℃ while monocrystalline formations are shown in 
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the two insets of two parts of 18a and b of the same figure, respectively. Furthermore, at 
calcination temperature of 420, the nanorods particles were closer to the spherical shapes 
compared to the others through the same test zone. Also, the distribution of NPs at this 
calcination temperature (420℃) was better than others as shown in the fig.18b. These 
results are consistent with the results of XRD and SEM. Because of the above discussed 
reasons, the calcination temperature of 420℃ was selected as the optimized choice for 







































Figure 17: SEM images of CO3O4 NPs on ITO substrate at magnification of 400KX 







Figure 18: TEM images of as-prepared CO3O4 NPs at different calcination 
temperatures of (a)320, (b)420, (c)520 and (d)620 ℃ and the insets show XRD 
diffraction for every temperature. 
5.4.2 Electrochemical measurements  
 
Figure 19 shows water oxidation by recording cyclic voltammograms(CVs) for Co3O4 
NPs/FPCE at various temperatures: 320,420,520 and 620 ℃ .The water oxidation for all 
the tested temperatures were approximately starting at the same protentional of 0.7 V. 
However, it was clear that the highest current density reached 41 mA cm-2 at temperature 
of 420 ℃ as shown in the same figure. The lowest current density of 27 mA cm-2 was at 
620℃. Also, the current density of 38 mA cm-2 was at the calcination temperature of 520 
℃ while it was 32 mA cm-2at 320℃.It can be observed that the highest and the lowest 
stability of Co3O4 NPs catalysts for water oxidation was at 420 ℃ and 620C, respectivly. 
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From these results, we can confirm that the optimized temperature for water oxidation 
over Co3O4 NPs /FPCE is 420 ℃. These results are significantly consistent with 
previous results obtained by characterizing the surface of catalyst via above mentioned 
instruments.  
The CVs of redox reactions at the four calcination temperatures for electro catalyst 
(Co3O4 NPs /FPCE) were shown in the inset of the parts a of figure 19. where the two 
highest peaks oxidation (0.65 V) and reduction (0.44 V) were achieved at the temperature 
of 420 ℃ at current densities of 4.5 and -3.2 mA cm-2, respectively. In addition, at 
temperature of 620 ℃ ,the lowest two peaks of oxidation and reduction were reached. 
This is because the sizes of particles were changing from small sizes to big sizes, thus 
they became agglomerated (at 620C) as the temperature was increasing from 320℃ to 
620 ℃ . With respect to the temperature of 520℃, the redox reaction was better than that 
at 620C. However, the redox reaction at 320℃ was better than both at 520 and 620 C. 
This may contribute to the morphologies of NPs. Thus, this is consistent with the results 
of SEM and TEM. Consequently, this confirms that the calcination temperature of 420 ℃ 
is the best optimized temperature through the zone of 320-620℃ for making very active 
Co3O4 NPs /FPCE.  
Figure 21 shows time responses vs. current density using technique of 
Chronoamperometry curves for water oxidation of the Co3O4 NPs /FPCE catalyst in 
0.1M NaOH solution at different calcination temperatures (320,420,520 and 620℃). In 
the same figure, at the initial point (at t=0) and the final point (after 5000 s), the two 
values of current densities measured for Co3O4 NPs /FPCE at temperatures of 420 ℃ 
were higher than those at other temperatures (320,520 and 620℃). However, the stability 
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order of electro catalysts Co3O4 NPs /FPCE   was as the following: 320 > 420 > 520 > 
620 ℃ . Although the current density difference between the final and the initial point at 
320℃ was the lowest (this means: the best stability), the current density at temperature of 
420℃ at the final point (at t=5000s) was still the highest.  This finding is attributed to the 
morphologies, which change through increasing the calcination temperature as mentioned 
in SEM and TEM analysis, of Co3O4 NPs. This result shows that the catalyst of Co3O4 
NPs formed at temperature of 420℃ has a better activity and stability. This is consistent 
with CVs results for water oxidation.  
The insets in parts of a, b, c and d in figure 20 show that the oxidation peak current of 
CO3O4 NPs-modified FPCE in 0.1MNaOH depends on the square root of scan rates, 
which was ranging from 10 to 60 mV s-1 . Overall, all NPs deposited on FPCE are 
proportional to square root of scan rate. However, the best linear relationship was at 




   
Figure 19: (a) Cycles of Linear sweep voltammograms of prepared CO3O4NPs on 
FCE at (a) 420 ℃, (b)520 ℃,(c) 320 ℃ and (d)620℃ in 0.1 M NaOH (aq.), the inset in 
the same part(a) shows the redox reactions at the four different temperatures and 
(b) scan rates versus current density using CO3O4NPs/ FCE prepared at different 








































Figure 20: Cyclic voltammograms of Co3O4 NPs- modified FPCE at sintered 
temperatures of (a)320, (b)420, (c)520, and (d) 620℃  with different scan rates 
started from 10 to 60mvs-1  in 0.1 M NaOH (aq.) .insets in plots are the relative 
anodic peaks current densities vs. the square roots of scan rates. 
 
5.4.3 Calculation of Electrochemically Active Surface Area(ECSA) 
 
Obtaining ECSAs of Co3O4 NPs at different temperatures of 320,420,520 and 620℃ was 
performed by electrochemical double layer capacitance for the catalytic surface as 
reported by  Md. et al. [161]. The capacitances of Co3O4 NPs were measured via 
recording CVs in an aqueous solution of 0.1M NaOH within the limited zone of potential. 
This potential zone ranges from 0.1 to 0.2 V at various scan rates of 10,20,30,40,50 and 
60 mV/S for the following temperatures: 320,420,520 and 620℃ as shown in figure 20 d, 
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b, c, and d, respectively. In this non-faradic potential zone, all measured current was 
attributed to the double layer charging current (IC) [5.1]. This can be expressed 
mathematically by the following equations:  
I𝐶 = C𝐷𝐿 ∗  Y   (5.1) 
Where Y is scan rate and C𝐷𝐿 is double layer capacitance. When IC vs. Y were plotted, 
the straight line will be yielded with a slope of CDL. The values of CDLs for CO3O4 NPs 
obtained from drawing scant rate versus charging current at various temperatures of 
320,420,520 and 620 ℃ were 1.2829, 2.8449, 1.7076 and 1.0522, respectively, as shown 
in figure 19b. After that, the ECSAs of Co3O4 NPs at temperatures of 320,420,520 and 
620 ℃  were calculated from the slope (CDL) as shown in the equation (5.2) 
ECSA = C𝐷𝐿/C𝑆  (5.2) 
Where Cs is the area specific capacitance of CO3O4 NPs. The value of the Cs is 0.040 
mF/cm2 for the metal electrode as reported by Suho et al.[165]. Therefore, ECSAs of 
CO3O4 NPs were calculated at various temperatures: 320,420,520 and 620 ℃ for 1 cm2 
by dividing the capacitance of double -layer(CDL) by the specific capacitance (CS=0.040 
mF/cm2), which is a typical value for an electrode of metal in an aqueous solution of 
NaOH. Consequently, ECSAs were 32.0725, 71.1225, 42.69 and 26.305 cm2 for 
temperatures of 320,420,520 and 620℃, respectively. This means that ECSAs were 
significantly higher than those of geometric surfaces areas. It was clear that the highest 
ECSA was 71.1225 cm2 at the temperature of 420 ℃, so the best temperature for 
preparing well active Co3O4NPs is 420℃ in this tested zone. 
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It was found that the activity and stability of the catalysts were affected by changing the 
calcination temperature. Thus, the optimized temperature for the nanoparticles catalysts 
activity and stability was 420℃. This is can be explained by crystallinity shape and the 
size of particles, which both affect directly on ECSA and interactions between the 
prepared FPCE and the Co3O4 NPs at temperatures: 320,420,520 and 620℃ . As the 
calcination temperature increases up, the crystallinity and the size of nanoparticles 
increase significantly. Furthermore, at a temperature of 320℃ ,there were nanosheets and 
nanorods. However, at a temperature of 420℃ ,the nanosheets were approximately 
disappeared and the nanorods were mostly observed. This was confirmed by TEM and 
SEM images. In addition, the size of nanoparticles at a temperature of 420℃ were 
smaller compared to others at temperatures of 520 and 620 ℃.Thus , the ECSA was the 
highest at a temperature of 420 ℃  ,the well-distributed nanoparticles on ECSA inhibits 
the dissolution of Co3O4 NPs /FPCE. Therefore, the best temperature for preparing the 






























Figure 21: Chronoamperometry curves of Co3O4 NPs /FPCE CVs in 0.1M NaOH at 









A Co3O4 NPs /FPCE catalyst has been prepared and then investigated at different 
calcination temperatures (320,420,520 and 620 ℃ ). The activity of the catalysts was 
affected by the calcination temperature. Initially, the activity was enhanced with the 
increase of temperature from 320 to 420℃  and then decreased at further increase of the 
temperature. However, the stability at 320 was the most stable. Overall, 420℃ is still the 




3 CHAPTER 6 
  CONCLUSIONS AND RECOMMENDATIONS 
Conclusion: 
In summary, we developed a thermal decomposition method for preparing monodisperse 
NiO NPS and Co3O4 NPS. Then, we used them as the catalysts for oxygen evolution 
reaction. The separate conclusions for NiO NPS and Co3O4 NPS are as follows:  
 For preparation of NiONPs, Ni(NO3)2·6H2O as a nickel precursor and Na2PA as a 
complexing agent were used. We also verified the influence of Na2PA by preparing 
nanoparticles using a common procedure conducted with or without Na2PA addition.  
The NiONPs prepared without Na2PA were highly polydisperse. The average NP size 
was much larger than that obtained with the addition of Na2PA. The electrocatalytic 
activities of both NiONPs toward electrooxidation in an alkaline medium were evaluated 
after immobilization on an FPCE using a simple drop-drying method. The NiONP(with 
Na2PA)-FPCE showed a much higher electrocatalytic activity toward water 
electrooxidation than the NiONP(without Na2PA)-FPCE or bare FPCE.  The superior 
electrocatalytic properties of the NiONP(with Na2PA)-FPCE were expected because 
these NPs were small and monodisperse. The monodisperse small NPs described here 
could play an important role in catalysis, electronics, optoelectrical device, and 
electrochemical applications, including electrochemical sensors, biosensors, gas sensors, 
batteries, capacitors, solar cells, fuel cells, and water splitting cells. 
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On the other hand, nano-Co3O4 was prepared by carrying out a direct thermal 
decomposition of Co(NO3)2·6H2O at 520 °C in an aerial atmosphere, too. The prepared 
nano-Co3O4 was characterized in detail by using XRD, FESEM and TEM, and HRTEM. 
These analyses confirmed the formation of highly crystalline Co3O4 nanorods with an 
average diameter of 32 nm.  The nanorods were immobilized on an FPCE to evaluate 
their electrocatalytic properties. The FPCE modified with nano-Co3O4 showed good 
electrocatalytic properties toward water oxidation in an alkaline medium. This simply and 
straight-forwardly prepared nano-Co3O4 could potentially play an important role in 
various practical fields and applications such as catalysis, electronics, opto-electrical 
devices, and electrochemical applications including electrochemical sensors, biosensors, 
gas sensors batteries, capacitors, solar cells, fuel cells, and water splitting.  
A Co3O4 NPs /FPCE catalyst has been prepared and then investigated at different 
calcination temperatures (320,420,520 and 620 ℃ ). The activity of the catalysts was 
affected by the calcination temperature. Initially, the activity was enhanced with the 
increase of temperature from 320 to 420℃  and then decreased at further increase of the 
temperature. However, the stability at 320 was the most stable. Overall, 420℃ is still the 
optimum temperature.  
 Recommendation:  
Our recommendation is to use NiO NPs and Co3O4 NPs in other applications such as: 
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